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Abstract 
Qualitative and quantitative NMR experiments were performed on 5M aqueous solutions of 
monoethanolamine (MEA) loaded with CO2 (Į = 0.4) and in presence of 1mM FeSO4 x 7H2O as a 
catalyst. The main degradation products were identified and quantified by 1D and 2D NMR Spectroscopy 
as: N-(2-hydroxyethyl) imidazole (HEI), 2-oxazolidone (OZD), N-(2-hydroxyethyl) formamide (HEF). 
There are also some other signals not quantified yet because of the low intensity. The NMR results were 
compared with GC/LC-MS results of the same solution.  
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1. Introduction 
Amine solvents used in CO2 capture are subject to oxidative degradation due to the presence of oxygen or 
metal ions in the flue gas. Different techniques have been used to study oxidative degradation of amines 
in CO2 capture [1-5].  
Sexton and Rochelle [4] showed that in the presence of an iron catalyst, formate, hydroxyethyl-
formamide (HEF), hydroxyethylimidazole (HEI) and ammonia are the major degradation products of 
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MEA oxidation—although 25–50% of the degradation products remain unaccounted for. In their work, 
[4], anionic degradation products were quantified using IC; nonionic degradation products were 
determined by HPLC and volatile MEA and degradation products were determined by gas-phase FTIR. 
In order to identify the volatile organic compounds Strazisar et al. [3] used combined gas 
chromatography-mass spectrometry (GC-MS) and combined gas chromatography-Fourier transform 
infrared absorption spectrophotometry (GC-FTIR). In addition, precise molecular masses of the organic 
compounds were obtained using low voltage high-resolution mass spectrometry (LVHRMS). 
Thermal degradation in presence of CO2 and O2 has been studied by Lepaumier et al. [2] to identify the 
effects of temperature and gas presence on chemical stability under the experimental conditions. 
Identification of degradation products was performed with a coupling of gas chromatography-mass 
spectrometry with EI and chemical ionization (CI). The highest molecular weight compounds were 
identified with a FT-ICR/MS with electrospray ionization (ESI). Formic, glycolic, acetic and oxalic acids, 
nitrite and nitrate were quantified by ionic chromatography. Another powerful tool, which has been 
frequently employed to distinguish chemical species in the amine-CO2-H2O solutions, is Nuclear 
Magnetic Resonance spectroscopy [5-6].  
The objective of this work is to identify the degradation products on the 5M MEA loaded with CO2 in 
presence of 1mM FeSO4 x 7H2O as a catalyst. 
 
2. Experimental section 
2.1. Sample preparation 
5M MEA preloaded up to 0.4 mol CO2/mol amine (based on titration method) in open-batch reactor in 
presence of 1mM FeSO4 x 7H2O. A wet gas blend of 0.35 L/min air with 7.5 ml/min of CO2 was sparged 
into the solution for 25 days at 55 °C.  
About 0.5 gram of this solution was mixed with 1,4-Dioxane (~5 mol % of amine) as internal reference 
standard and 5-10 mass % of solution D2O to get a signal lock in NMR spectrometer. The solutions were 
filled into Norrel 507-HP tubes and weighed. In order to map the species that existed in the degraded 
MEA sample in presence of 1mM FeSO4 x 7H2O, different  NMR techniques were performed.  
2.2. NMR experiment 
The experiments were divided in two parts: qualitative measurements for the assignment of the spectra 
and quantitative measurements for determining the concentration of the species.  
Qualitative NMR work: 1D (1H and 13C) and 2D (DEPT, COSY, HSQC and HMBC) spectra of the 
degraded MEA solution were acquired by means of a Bruker Avance DPX 400 MHz NMR spectrometer 
(Bruker BioSpin GmbH) with a 5 mm DUAL 1H/13C probe head. 13C NMR spectra were recorded at 298.0 
K with the following acquisition parameters: pulse duration, p1 = 6.90 ȝs, acquisition time, AQ = 2.83s, 
delay time between two transitions, D1 = 5 s, number of scans, NS = 64 and 90° excitation pulse. The time 
needed for qualitative experiments was about 15 minutes.  
Quantitative NMR work:  13C NMR spectra were recorded at 298.0 K with the following acquisition 
parameters: pulse duration, p1 = 6.90 ȝs, acquisition time, AQ = 2.83s, delay time between two transitions, 
D1 = 150s, number of scans, NS = 300 and 90° excitation pulse. The time needed for quantitative 
experiments was about 13h. To obtaine quantitative results, the areas under the spectral peaks were 
integrated and related to the area of the standard peak of 1,4-dioxane (D8) with a chemical shift į=67.19 
[7]. All acquired spectra were processed and plotted by MestReNova V.7.0.3 Software. 
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3. Results and Discussion 
3.1. Qualitative NMR work 
In this study, we focus on implementing the NMR spectroscopy to assign oxidative degradation 
products of loaded MEA solutions in presence of iron.  In order to elucidate the species that might exist in 
this system, various techniques have been used which include qualitative and quantitative analyses (i.e. 
1D and 2D NMR techniques). The main degradation products were identified using 1H - NMR, 13C-NMR, 
DEPT(90), DEPT(135), homonuclear (H-H COSY) and heteronuclear (H-C HSQC, H-C HMBC) 
correlations.  
For interpreting 13C NMR spectra it is very useful to know which signals belong to respectively 
quaternary, CH, CH2 and CH3 carbon nuclei. In the DEPT technique (Disortionless Enhancement by 
Polarization Transfer), the signals of the quaternary carbon nuclei can be identified by comparing the 
DEPT spectra with normal 13C NMR spectra. Figure 1 shows that the signals of three of the quaternary 
carbons are missing. Two of them are identified and named C-14 at G  = 166.53 ppm and carbonate/ 
bicarbonate carbon at G = 165.13 ppm. The signal at G = 165.92 ppm has not yet been identified, but is 
believed to be another product HEA which was identified by GC/LC-MS (see Table 2) or possibly one the 
of the anions (formate or oxalate) detected by Vevelstad et al. [9] with Ion Chromatography. The 
DEPT(135) spectrum recorded at 135° pulse contains the positive signals of the CH group in the spectral 
region G  = 119.58 to 171.34 ppm, while the negative signals for the carbon nuclei in CH2 are found in the 
spectral region G  = 67.19 to 40 ppm.  
By knowing all this information from the DEPT experiment, we could easily identify some of the 
carbons that belong to the various products, see Table 1. 
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Fig. 1.  13C – NMR and the DEPT135 experiment for loaded MEA in presence of Fe2+ 
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The two-dimensional homonuclear (H-H Correlated Spectroscopy) COSY experiment yields NMR 
spectra in which 1H chemical shifts along both frequency axes (F1 and F2) are correlated with each other 
(Fig. 2a). Cross peaks are coupled to each other while as off diagonal elements we see all connected 
coupled transitions (Fig. 3a). Proton H-2 at G  =3.78 ppm is correlating with itself H-2 (G  =3.78 ppm) 
while if we take a parallel line with the x-axis (or F2) we can see the correlation with proton H-1 G  =3.06 
ppm that belongs to MEA. The same thing with H-2’ (G  =3.17 ppm), it correlates with H-1’ (G  =3.61 
ppm) and belongs to MEA carbamate (Fig. 3). 
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Fig. 2.  Sketch of 2D technique that shows the correlation of H and C in: a) 2D H-H COSY; b) 2D H-C HSQC; c) 2D H-C HMBC 
NMR (example of MEACO2-) 
 
Fig. 3.  2D – NMR 400 MHz: a) H-H COSY spectrum; b) H-C HSQC spectrum; c) H-C HMBC spectrum. The assignment of the 
peaks are shown only for MEA and MEACO2- 
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The two-dimensional heteronuclear (H-C Heteronuclear Single Quantum Coherence) HSQC shows 
correlations between protons directly attached to heteronuclei carbon as shown in Fig 2b. This is also 
called one-bond coupling and the interpretation is straightforward where the proton H-2 (G =3.78) 
belongs to C-2 (G =59.55 ppm) and so on (see Fig. 3b). With this technique, we find out which proton 
belongs to which carbon nuclei. 
The two-dimensional heteronuclear (H-C Heteronuclear Multiple Bond Correlations) detects long 
range couplings between proton and carbon nuclei (Fig. 2c and Fig. 3c). With this technique besides the 
information that we get from the HMBC experiment we can see the long range coupling for example C-3’ 
at G =165.2 ppm with H-2’ at G =3.17 ppm (overlapped with the proton that belongs to HCO3- /CO32-) of 
MEA carbamate. 
Based on the 1D and 2D experiments the main peaks in the upfield region (40 - 67 ppm) C-1, C-2, C-3, 
C-4 belong to MEA and MEACO2- .The rest of the peaks in this region correspond to CH2 groups of N-(2-
hydoxyethyl) imidazole (HEI) and N-(2-hydroxyethyl) formamide (HEF) which were also confirmed 
from DEPT experiments (see Table 2). The downfield region (165-166 ppm) corresponds to quaternary 
carbon of OZD, MEACO2- (named 14 and 3’ respectively) and the signals in the middle region, 119 to 
128 ppm, correspond to cyclic compounds like 2-oxazolidone (OZD). There is also a quaternary carbon 
signal at G =165.9 ppm and some other signals at G =128.2 ppm, G = 63.3 ppm not identified yet because 
of very low intensity. 
Due to the fast exchange of protons, it is not possible to distinguish between HCO3- and CO32- and 
between amines and protonated amines from NMR spectra [5, 6].  Therefore, the same peak in the 
spectrum represents both HCO3- /CO32- (at G =165.13 ppm) or both MEA /MEAH+ (C-1 at G = 42.35 and 
C -2 at G = 59.55 ppm). 
The main quantified degradation products in CO2 loaded 5M MEA in presence of Fe2+ were : N-(2-
hydoxyethyl) imidazole (HEI), 2-oxazolidone (OZD), N-(2-hydroxyethyl) formamide (HEF). The 
structures are shown in the Figure below. The results of each carbon and the chemical shifts are 
summarized in Table 1.  
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Fig. 4. Structure of degraded products of loaded MEA in presence of Fe2+  
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Besides these three degradation products, N-(2-hydroxyethyl) acetamide (HEA) was also quantified with 
GC/LC-MC [8]. The sample was not analyzed with IC so no results of organic acids (formate, oxalate, 
acetate) are available.  
Sexton and Rochelle [4] showed that in the presence of iron as a catalyst, formate, hydroxyethyl-
formamide (HEF), hydroxyethylimidazole (HEI) and ammonia are the major degradation products of 
MEA oxidation—although 25–50% of degradation products remain unaccounted for. 
Table 1. 13C and 1H chemical shift for main degradation products of loaded MEA in presence of Fe2+ 
G  (chemical shift)  
Comp. Number 
 
Name 
 
Abbreviation 
13C-NMR   
signals 
assigned 
13C (ppm) 1H (ppm) 
Reference 1,4 - Dioxane D8  67.19 3.75 
I Monoethanol amine MEA C-1 42.35 3.06 
   C-2 59.55 3.78 
II Carbamate MEACO2- C-1’ 44.05 3.61 
   C-2’ 62.05 3.17 
   C-3’ 165.2 - 
III N-(2-hydroxyethyl)imidazole HEI C-4 60.88 3.87* 
   C-5 49.62 4.16* 
   C-6 119.6 7.24 
   C-7 120.9 7.22 
   C-8 128.3 8.31 
IV N-(2-hydroxyethyl)formamide HEF C-9 51.93 4.18* 
   C-10 61.60 3.89* 
   C-11 171.3 8.48 
V 2-oxazolidinone OZD C-12 40.89 3.38* 
   C-13 60.52 3.69 
   C-14 166.5  
VI Carbonate/Bicarbonate HCO3-/CO32-  165.1* 8.11 
*The signals are overlapped 
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3.2. Quantitative NMR work 
Quantitative 13C-NMR measurements in the system consisted of:  relaxation time measurement (T1) of 
the carbon nuclei using the inversion-recovery method and quantitative measurements of species using the 
inversion gated decoupling method in order to suppress the Nuclear Over-Hauser Effect (NOE). The 
results of the degraded products are shown in the Fig. 5 and are summarized in Table 2. 
Figure 5 shows all the species that we observe in NMR and GC/LC-MS in mol fraction. The main 
species from NMR analysis are MEA and MEA carbamate while the degradation products account about 
1.1 mol % and the remaining species are carbonate/bicarbonate (see Table 2).  
Loading calculated based on NMR analysis shows good agreement with the titration measurements (Į 
= 0.40 mol CO2/mol MEA). HEI and HEF seem to be the main degradation products in this system. 
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Fig. 5.  Speciation of the loaded MEA in presence of Fe2+  
 
The NMR results were compared with Liquid Chromatography-Mass Spectrometry (LC-MS) and Gas 
Chromatography-Mass Spectrometry (GC-MS) for the same sample (see Figure 5). We observed that HEI 
and HEF are in good agreement in both techniques. However, the NMR results gave a higher OZD 
content than the GC/LC-MS technique. The difference could possibly be explained by the low amount of 
this product and since OZD is an intermediate product it might be influenced by the high temperature used 
in the GC/LC-MS technique [2].   
Regarding the HEA (N-(2-hydroxyethyl)acetamide) product we could not identify this substance even 
though we observed a quaternary carbon at  į = 165.92 ppm which may belong to HEA, formate or 
oxalate anions detected by Vevelstad et al. [9] with Ion Chromatography. We could not see any singlet 
signal from the –CH3 group which should have been easy to notice in the NMR spectra. This means that it 
might be another degraded product instead of HEA or propionate. 
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Table 2. Comparison of the results for the same sample by GC/LC-MS and NMR (5M MEA, Į = 0.4 
with Fe2+ as additive) 
 
Results in mol fraction MEA MEACO2- HEI HEF OZD HEA HCO3-/CO32- Total 
NMR 0.0647 0.0367 0.0042 0.0034 0.0034 ** 0.0016 0.1124 
GC/LC-MS - - 0.0037 0.0033 0.0008 0.0002 - 0.0080 
** Signals not quantified with NMR technique 
4. Conclusions 
1D and 2D NMR spectra were acquired in loaded MEA in presence of 1mM FeSO4 x 7H2O and three 
main degradation products were identified and quantified: N-(2-hydoxyethyl) imidazole (HEI), 2-
oxazolidone (OZD), N-(2-hydroxyethyl) formamide (HEF).  
Comparison with the GC/LC-MS technique gave good agreement for two of the degradation products, 
HEI and HEF while for OZD the GC/LC-MS results are slightly lower compared to the NMR results. The 
degradation product HEA, could not be quantified by NMR even though we observed some additional 
signals from the NMR measurements. 
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